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paper.We investigated the role of mitochondrial reactive oxygen species (ROS) in the response of macro-
phages to lipopolysaccharide (LPS) using RAW 264.7 cells and their qo cells lacking mitochondria.
Mitochondrial density, respiratory activity and related proteins in qo cells were signiﬁcantly lower
than those in RAW cells. LPS rapidly stimulated mitochondrial ROS prior to cytokine secretion, such
as TNF-a and IL-6, from RAW 264.7 cells by activating the MAPK pathway, while the response was
attenuated in qo cells. Exposure of qo cells to H2O2 partially restored the secretion of cytokines
induced by LPS. These results suggest that mitochondrial density and/or the respiratory state con-
tribute to intracellular oxidative stress, which is responsible for the stimulation of LPS-induced
MAPK signaling to enhance cytokine release from macrophages.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction ative bacteria to mediate immune reactions. Exposure of macro-Neutrophils and macrophages play important roles in the host
defense mechanism against pathogens by producing reactive oxy-
gen species (ROS), nitric oxide (NO) and cytokines. Stimulation of
macrophages by a variety of microbial constituents including LPS
is crucial for the following sequence of immune reactions. Toll-like
receptors (TLRs) expressed on the surface membrane of macro-
phages and related immunocytes play important roles in antigen
presentation and cytokine production by these cells [1–4]. TLR4
has been identiﬁed as a major sensor molecule for LPS of gram neg-chemical Societies. Published by E
kinase; LPS, lipopolysaccha-
APK-ERK kinase; NOx, nitric
lpha; ROS, reactive oxygen
mitochondrial DNA; JNK, c-
UCP2, uncoupling protein 2;
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istry and Molecular Pathol-
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to this study with their critical
d experiments and wrote thephages to LPS triggers signaling pathway leading to activation of
MAPK and NFjB to produce NO and inﬂammatory cytokines, such
as TNF-a and IL-6 [5–7]. Although intracellular ROS has been pos-
tulated to underlie the mechanism of ampliﬁcation of various sig-
naling pathways [8,9], the source of ROS and the role of
mitochondria have not been fully elucidated in innate immunity.
Under physiological conditions, signiﬁcant fractions of the inspired
oxygen are converted to superoxide radical and related ROS [10].
Recent studies revealed that suppression of oxidative phosphoryla-
tion by down-regulating uncoupling proteins increased mitochon-
drial ROS generation and subsequently enhanced immunoreaction
of LPS-treated macrophages [11,12], suggesting that mitochondrial
respiratory status is important for the innate immune system. In
general, total activity of mitochondrial respiration in the cell is cor-
related with the mitochondrial density. Furthermore, mitochon-
drial density has been shown to regulate intracellular ROS
generation and determines the sensitivity of various cells to a vari-
ety of agents that induce mitochondria-dependent apoptosis [13].
These observations suggest that mitochondrial density could be
one of the critical factors that determine the cellular response to
various stimulants that activate signaling pathway leading to mito-
chondria-dependent oxidative stress. Thus, we hypothesized that
mitochondrial density in LPS-treated macrophage contributes tolsevier B.V. All rights reserved.
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pathways. The present work describes the role of mitochondrial
ROS in the enhancement of LPS-induced innate immune reactions
using q0 macrophages lacking mitochondrial DNA.
2. Materials and methods
2.1. Cell culture
Macrophage RAW 264.7 cells were cultured in RPMI1640 with
10 % heat-inactivated fetal bovine serum containing antibiotics
(Nacalai Tesque, kyoto, Japan) at 37 C in 5% CO2. q0 cells were
established through long-term treatment of RAW cells with ethi-
dium bromide (45 ng/ml) as described previously [14]. Prior to
LPS (Escherichia coli O55 Sigma–Aldrich, St. Louis, MO) treatment,
cells were plated in 24 well culture plates at a density of 105
cells/well and cultured for 24 h in the absence of ethidium
bromide.
2.2. Levels of cytokines and nitric oxide metabolite (NOx) in the culture
medium
After 24 h incubation of the cells in the absence of ethidium
bromide, LPS was added to give a ﬁnal concentration of 1 lg/ml.
Concentrations of cytokines and NOx in the medium were deter-
mined using ELISA kits (eBioscience Inc., San Diego, CA) and NO2/
NO3 Griess reagent kit (DOJINDO Lab., Kumamoto, Japan), respec-
tively, according to the manufacture’s instruction.
2.3. FACS analysis
After treatment with LPS, the cells were collected by trypsiniza-
tion and analyzed by ﬂow cytometry (FACS Calibuur, Becton Dick-
inson, San Jose, CA). Intracellular and mitochondrial ROS
generation was detected using DHE and MitoSox Red (Invitrogen,
Carlsbad, CA), respectively, according to the manufacture’s proto-
cols. Apoptosis was determined by Annexin V staining (MBL, Na-
goya, Japan) and expression of TLR4 in cell surface was detected
by incubation with anti-TLR4 antibody (eBioscience Inc.).
2.4. Confocal ﬂuorescence microscopy
Cells were cultured on EZView culture plate (ASAHI GLASS, To-
kyo, Japan) andmitochondrial contents andmitochondrial ROS gen-
eration were detected by staining with MitoTracker (Deep Red and
Green FM) andMitoSoxRed, respectively, according to themanufac-
ture’s protocols. Confocal ﬂuorescence images were obtained using
confocal microscope (Leica Microsystems, Wetzlar, Germany).
2.5. Western blotting
Cultured cells were collected by trypsinization, washed twice
with ice-cold PBS and resuspended in a lysis buffer containing pro-
tease inhibitor cocktail (Nacalai Tesque). The lysed cell samples
were subjected to SDS–PAGEand theprotein bandswere transferred
to a Millipore Immobilon membrane (Waltham, MA) and subjected
to immunoblot analysis using anti-TLR4 (sc-6525; Santa Cruz Bio-
technology, SantaCruz, CA), anti-phosphoMAPK family (#9910;Cell
Signaling Technology, Danvers,MA), anti-IjB-a (#9242; Cell Signal-
ing Technology), and anti-mitochondrial complex antibodies
(458099; Invitrogen, Carlsbad, CA). Immunoreactive bands were
visualized using the enhanced chemiluminescence system (Immu-
nostar; Wako Pure Chemical Co., Osaka, Japan), detected by a Fuji-
Film LAS-3000 camera and quantiﬁed using a FujiFilm Science Lab
ImageGauge software.2.6. Mitochondrial oxygen consumption
Cells were collected by trypsinization and resuspended in cul-
ture medium (107 cells/ml). Oxygen consumption was determined
polarographically at 25 C using a Clark-type oxygen electrode
with 2 ml water-jacketed closed chamber.
2.7. Determination of NFjB and MAPK activity
Phosphorylated forms of NFjB (Ser536), P38 (Thr180/Tyr182),
MEK1 (Ser217/221) and JNK (Thr183/Tyr185) were determined
using PathScan Multi-Target Sandwich ELISA kit (Cell Signaling
Technology, Danvers, MA) according to the manufacture’s protocol,
and the results were conﬁrmed by western blotting method.
2.8. Statistical analysis
Values are expressed as the mean ± SE derived from 3-5 sam-
ples and the ﬁgures show the results obtained from three indepen-
dent experiments. Statistical analysis was performed using
analysis of variance (ANOVA) followed by Student’s t-test and the
level of signiﬁcance was put at P < 0.01.3. Results
3.1. Mitochondrial status and feature in RAW and their q0 cell
To evaluate the role of mitochondrial function in the regulation
of innate immunity and response of macrophages to LPS, we estab-
lished their q0 cells lacking mitochondrial DNA. As shown in
Fig. 1A, mitochondrial density analyzed by the ﬂuorescence inten-
sity of MitoTracker Deep Red was signiﬁcantly lower with q0 cells
than with RAW cells. Similar result was obtained by staining with
MitoTracker Green, a probe that accumulates in the lipid environ-
ment of mitochondria independently of the membrane potential.
The RAW cells cultured with ethidium bromide decreased mito-
chondrial density in a dose-dependent manner (Supplementary
Fig. 1A). Mitochondrial respiratory activity and related proteins
(complex I and IV) in q0 cells were signiﬁcantly lower than those
in RAW cells (Fig. 1B and C). Despite the low density of mitochon-
dria, q0 cells grow as rapidly as RAW cells (Fig. 1D). Macrophages
have been known to express TLR4 on their cell surface in poised
to prime the responsiveness to the innate immune systems against
pathogen. Cellular expression of TLR4 and their recruitment to cell
surface in resting state occurred similarly with both RAW and their
q0 cells (Fig 2A and B).3.2. LPS-stimulated ROS generation and cytokine secretion were low
with q0 cells
We investigated mitochondrial ROS generation in LPS-treated
cells by MitoSox staining and analyzed using confocal ﬂuores-
cence microscopy and FACS. Exposure of RAW cells to LPS for
24 h markedly increased intracellular (Fig. 3C) and mitochondrial
(Fig. 3A and B) ROS while their responses were blunted in q0 cells.
Furthermore, mitochondrial generation of ROS was rapidly in-
creased by LPS in prior to cytokine secretion and their intensities
were signiﬁcantly suppressed in q0 cells (Fig. 3D). LPS stimulated
the secretion of TNF-a and IL-6 more strongly with RAW cells
than with q0 cells (Fig. 3E and F). Furthermore, attenuation of
TNF-a secretion in q0 cells after LPS treatment appears to be
occurred as a concomitant of mitochondrial loss (Supplementary
Fig. 1B).
Fig. 1. Mitochondrial status and feature in RAW and qo cell. Mitochondrial status in RAW and q0 cells was analyzed by mitochondrial staining with MitoTracker Deep Red (A).
Mitochondrial density was conﬁrmed by mitochondrial respiratory activity (B) and western blotting analysis for mitochondrial respiratory complex I and IV (C).
Mitochondria-dependent oxygen consumption (Mit) was calculated by subtraction of oxygen consumption in the presence of rotenone and antimycin (+RA) from total
oxygen consumption (B). Cell growth speed was measured by cell counting using hemocytometer (D). The data presented is representative of three independent experiments
(n = 3, ⁄P < 0.001 vs RAW cell).
Fig. 2. Cellular expression and surface levels of TLR4 were similar in RAW and q0 cell. Cellular TLR4 expression was analyzed by western blotting (A). Level of TLR4 on the
plasma membrane was analyzed by FACScan systems (B). The data presented is representative of three independent experiments (n = 3).
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cells
It has been well documented that LPS stimulates macrophages
to generate nitric oxide and long time exposure to LPS induces
their apoptosis. Thus, we analyzed the level of NO metabolite
(NOx) in the culture medium before and after stimulation by LPS
in these cells (Fig. 4A). NOx levels in culture medium were similar
in WT and q0 cells at basal level. Stimulation of macrophage with
LPS for 24 h increased NOx level in these cells, but was less in q0cell as compared with that in WT cells. After incubation with LPS
for 48 h, signiﬁcant fractions of the wild type macrophages under-
went apoptosis (Fig. 4B). In contrast, apoptosis induced by LPS was
not apparent in q0 cells.
3.4. LPS-induced mitochondrial generation of ROS is involved in the
enhancement of cytokine secretion
To test thepossibility thatmitochondrial ROSplay critical roles in
the enhancement of cytokine secretion, effect of various
Fig. 3. LPS–stimulated ROS generation and the inﬂammatory cytokine secretion were reduced in q0 cells. After treatment with LPS for 24 h, mitochondrial ROS generation
were stained with MitoSox and observed under a confocal immunoﬂuorescence microscopy (A). Intracellular (C) and mitochondrial (B) ROS generations in RAW and q0 cells
by LPS treatment for 24 h were determined by DHE and MitoSox Deep Red staining respectively and analyzed using FACScan systems. Time course of mitochondrial ROS
generation (D) and secretion of TNF-a (E) and IL-6 (F) in response to LPS were detected as described in the text. The data presented is representative of three independent
experiments.
Fig. 4. NOx production and apoptosis by LPS treatment were suppressed in q0 cell. NOx level in the medium 24 h after LPS treatment in WT and q0 cells was measured as
described in Section 2.2 (A). Apoptosis induced by LPS treatment for 48 h in WT and q0 cells were measured by Annexin V staining and analyzed using FACScan systems. The
data presented is representative of three independent experiments (n = 5, ⁄P < 0.001 vs RAW).
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gated. The increased generation of mitochondrial ROS and secretion
of TNF-a by LPS-treated macrophages were inhibited by the pres-
ence of N-acetyl cysteine but not SOD and apocynin, an inhibitor
of NADPH oxidase (Fig. 5A and B). The LPS-induced TNF-a secretion
was stimulated further with q0 cells but not RAW cells after expo-
sure to H2O2 generated by glucose (10 mM) and glucose oxidase
(3 mU/ml).3.5. Effect of LPS on the signaling pathways in RAW and q0 cell
ROS has been shown to potentiate LPS-induced signaling path-
ways by activating transcriptional factors, such as NF-jB andMAPK
family. Fig. 6 showed that LPS strongly activated NFjB, MEK-1, P38
MAPK and JNK in RAW cells. However, the LPS-induced activation
was signiﬁcantly low inq0 cells except forNFjB. Similar resultswere
obtained using western blotting method (Supplementary Fig. 2).
Fig. 5. Mitochondrial ROS generation by LPS is involved in the enhancement of cytokine secretion. Cells were preincubated with NAC, SOD and apocynin (APO) for 2 h and
then exposure to LPS for 24 h. Mitochondrial generation of ROS (A) was analyzed using FACScan systems and TNF-a in the medium (B) was measured as described in the text.
(C) RAW and their q0 cell were incubated with LPS in the presence or absence of 10 mM glucose and 3 mU/ml glucose oxidase (GOX) and then TNF-a in the culture medium
were measured. The data presented is representative of three independent experiments (n = 3, ⁄P < 0.01; #P < 0.01 vs RAW or LPS alone).
E. Kasahara et al. / FEBS Letters 585 (2011) 2263–2268 22673.6. Effect of MAPK inhibitors on LPS-induced TNF-a secretion in RAW
and q0 cell
To know the possible involvement of MAPK signaling in re-
sponse to LPS, we further attempted to determine the responsibil-
ity of mitochondria for TNF-a secretion in these cells using various
speciﬁc inhibitors of MAPK. Fig. 7 showed that TNF-a secretion in
response to LPS was signiﬁcantly suppressed by pretreatment of
RAW cells with the JNK inhibitor (SP600125) or the p38 inhibitor
(SB202190), but not by the ERK inhibitor (PD98059). On the other
hand, these MAPK inhibitors had no such effect with q0 cells.Fig. 6. LPS-induced MAPK activation was suppressed in q0 cell. RAW and q0 cells
exposure to LPS for 0.5, 1 h or remain untreated (time 0) were collected and then
the phosphorylation of NFjB, P38, MEK1 and JNK were measured as described in
the text. Data were expressed as fold increase relative to the value observed in RAW
cell that were not stimulated by LPS. Representative data of three independent
experiments showing similar results are shown here. The data presented is
representative of three independent experiments (n = 3).4. Discussion
In this study, we demonstrated that mitochondrial generation
of ROS is involved in the response of macrophage to LPS via MAPK
pathway. Mitochondrial DNA-diminished q0 cell showed lower
mitochondrial density as compare with their wild type cells, and
displayed reduced phenotype of LPS-induced ROS generation and
MAPK phosphorylation thereby blunts the ampliﬁcation of cyto-
kine secretion.
Mitochondria play a crucial role in various cell metabolisms and
function such as ATP production, ROS generation, and induction of
apoptosis. ROS generation has been implicated in multiple physio-
logical and pathological processes as a secondary messenger in cell
signaling. Recently it has been reported that mitochondria might
be a source of ROS generation in immune responses such as infec-
tion and inﬂammation [12,15]. Although biochemical process for
inducing mitochondrial ROS generation in immune response is still
under the debate, several reports revealed the physiological role of
uncoupling protein 2 (UCP2) to regulate ROS generation in acti-
vated macrophages [16–18]. UCP2 a member of the anion carrier
superfamily of mitochondrial inner membrane enhance the extent
of mild uncoupling of the electrochemical gradient of mitochondriaFig. 7. Phosphorylation of P38 and JNK is involved in the mitochondria-dependent
cytokine secretion. Cells were preincubated with 5 lM of JNK inhibitor (SP600125),
p38 inhibitor (SB202190), and ERK inhibitor (PD98059) for 30 min and then
exposure to LPS for 24 h. Secretion of TNF-a in response to LPS was detected as
described in Section 2.2. The data presented is representative of three independent
experiments. (n = 3, ⁄P < 0.01 vs LPS alone).
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study revealed that UCP2 is rapidly degraded by the cytosolic ubiq-
uitin-proteasome system [19], and LPS-induced rapid degradation
of UCP2 was necessary to increase mitochondrial ROS generation
to activate MAPK pathway reading to cytokine secretion [11]
[20]. In our study, mitochondria-diminished q0 macrophage
showed reduced ROS generation and MAPK phosphorylation in re-
sponse to LPS treatment. On the other hand, LPS-induced NFjB
activity is similarly upregulated in WT and q0 cells. These evi-
dences suggest that mitochondrial ROS generation has responsibil-
ity to enhance immune response via MAPK activation, and altered
mitochondrial function such as activity of mitochondrial respira-
tion and their density might affect the function of immune cells.
TLR4 is known to be a main sensor for LPS by triggering the
pathway to produce inﬂammatory cytokines in macrophages [1–
4]. And hence, LPS responsiveness is partly determined by the lev-
els of TLR4 expression on cell surface and/or the function [21]. It
has been reported that ROS modulate TLR4 signaling transduction
partly by enhancing surface trafﬁcking of TLR4 to lipid rafts in plas-
ma membrane [22,23]. In the present study, cellular expression of
TLR4 and their surface level were similar in WT and q0 cells. How-
ever, enhancement of TLR4 expression on plasma membrane in re-
sponse to LPS was signiﬁcantly suppressed in q0 cells as compared
with that in RAW cells (Supplementary Fig. 3). At this point, we can
not exclude the possibility that an absence of mitochondria affects
the formation of TLR4-LPS complex activating signal cascade to in-
duce cytokines and NO production. This possibility should be stud-
ied further.
In addition to mitochondrial ROS generation, another important
source inducing ROS generation in response to LPS is NADPH oxi-
dase [24,25]. The NADPH oxidase complex is known to be a major
producer of extracellular and/or intracellular ROS generation in
neutrophil and phagocyte. It has been reported that NADPH oxi-
dase-dependent ROS generation mediates ampliﬁed LPS response
via enhancement of TLR4 trafﬁcking to the cell membrane [25].
In the present study, although secretion of TNF-a in response to
LPS was not affected in the presence of NADPH oxidase inhibitor
(Fig. 2A), LPS-induced IL-6 production was slightly suppressed by
inhibition of NADPH activity (data not shown). This result suggests
the possibility that NADPH oxidase-induced ROS generation is par-
tially involved in the secretion of IL-6, although the effect was less
than those by inhibition of intracellular ROS generation.
As mitochondria constantly generate superoxide radical and re-
lated ROS under physiological condition, it might become the pre-
disposing condition for quick response to combat microbial
infection. Our results demonstrated that mitochondrial density
might be critical in responsiveness to LPS-induced macrophage
activation, in part, via regulation of ROS production, which may re-
veal novel mitochondrial function in immune systems against
invasion.
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